The syntheses, crystal structures, and adsorption/desorption properties of two novel chiral three-dimensional cyanobridged bimetallic assemblies, { [Cu(1R,2Rchxn) (11) , and Z ) 1. Compounds 1 and 2 can be described as nanoporous cyano-bridged frameworks, in which alternating trans- 6 diamondoid frameworks. In both structures there are large cavities filled with H 2 O molecules which show guestdependent dynamic behavior. The chemical rearrangement of the framework is driven by the loss or addition of water molecules, as proved unequivocally by single-crystal and powder X-ray diffraction analyses. These changes are also fully reversible. The two types of frameworks reported show different behavior upon drying, falling within the category of "recoverable collapsing" and "guest-induced re-formation" framework materials.
Introduction
The synthesis and characterization of coordination polymers and metal-organic frameworks (MOFs) have attracted much attention due to the variety of interesting structural topologies that can be achieved. The subject has been reviewed recently by various authors. [1] [2] [3] [4] [5] [6] [7] [8] These compounds are of great interest owing to their potential applications in the areas of gas storage, gas separation, heterogeneous catalysis, luminescence, magnetizm, conductivity, spin-transition, and nonlinear optics (NLO). [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The inability of many such open frameworks to support permanent porosity and to avoid collapsing in the absence of guest molecules, such as solvents, has hindered further progress in these various fields. 22, 23 There are a growing number of examples of stable frameworks, structurally characterized by single-crystal X-ray diffraction in both solvated and desolvated forms. [24] [25] [26] [27] [28] Some porous metalsorganic polymers have been reported to have significant cell volume changes upon guest exchange. 27, [29] [30] [31] Dynamic structural transformation, based on flexible porous frameworks, is one of the most interesting phenomena in coordination polymers. Recently a number of studies on such dynamic porous coordination networks have appeared. [32] [33] [34] Three types of these so-called new generation compounds have been described by Kitagawa: 25 type I, the "recoverable collapsing" framework, which collapses due to the close-packing forces on removal of the guest molecules; however, it can be regenerated under the initial conditions; 32, [35] [36] [37] type II, the "guest-induced transformation" framework, where the structural shifts in the network are induced by the simultaneous exchange of guest molecules; [38] [39] [40] type III, the "guestinduced re-formation", where the removal of guest molecules induces a structural change in the network, however, again it reverts to the original structure under the initial conditions. 41, 42 Several examples of discrete molecular assemblies have also been obtained. 43, 44 The flexibility of coordination polymers is often incompatible with the robustness necessary for a porous framework to be maintained without the guest molecules. In this respect, cyanometalate complexes have been widely studied in many fields, mainly because of their rich and interesting structures and magnetic, catalytic, and adsorption properties. [45] [46] [47] They also have the potential to form dynamic porous materials as they can adapt to changes caused by external stimuli, either within the layer or in between the layers. Such unique and novel dynamic processes in single crystals of cyano-bridged frameworks have been described. 48 At the same time only a few examples of coordination polymers containing [Ru(CN) 6 ] 4-have been reported. [49] [50] [51] [52] On the other hand, chiral structures are a new target for such lattice architectures, chirality being an essential factor for inducing specific physical properties, for example, second harmonic generation (SHG), magnetochiral dichroism (MChD), ferroelectricity, etc. [53] [54] [55] [56] A chiral network would allow selective binding of chiral guests, and the presence of different types of metal ions could enable specific tuning of the electronic properties. A number of reports have appeared recently on new cyano-bridged bimetallic complexes, but only a small number of chiral structures have been described. 53, [57] [58] [59] Herein, we report on two new novel chiral cyano-bridged metal-organic frameworks with permanent porosity, based on hexacyanoruthenate (II), that show unusual guest-induced dynamic behavior. The chemical rearrangement of the framework is driven by the loss or addition of water molecules, as proved unequivocally by single-crystal and powder X-ray diffraction analyses. These changes are fully reversible and dependent on the nature of the guest. The two types of frameworks reported here show different behavior upon drying, falling within the category of "recoverable collapsing" (type I) and "guest-induced re-formation" (type III) frameworks.
Experimental Section
Materials. The precursor complex [Cu(trans-(1R,2R-chxn) 2 and were recorded on a Perkin-Elmer 1720X FT-IR spectrometer. Thermogravimetric (TG) analyses were carried out using a Mettler 4000 module. Samples were introduced in a closed aluminum oxide crucible and heated at a rate of 0.1°C min -1 under nitrogen at atmospheric pressure.
X-ray Crystallography. Intensity data on violet platelike single crystals of 1 and 2 were measured using a Stoe Mark II-Imaging Plate Diffractometer System 61 equipped with a graphite monochromator, using Mo KR radiation (λ ) 0.71073 Å) at 173 K. The structures were solved by direct methods using the program SHELXS-97. 62 The refinement and all further calculations were carried out using SHELXL-97. 62 The H-atoms were included in calculated positions and treated as riding atoms using SHELXL default parameters. The non-H atoms were refined anisotropically using weighted full-matrix least-squares on Table  S1 (Supporting Information). An empirical absorption correction was applied using the multiscan routine in PLATON; 63 transmission factors: T min /T max ) 0.483/0.871 for 1 and T min /T max ) 0.684/0.780 for 2. Further crystallographic data and refinement details are summarized in Table 1 .
Topological Analyses. The topological analyses of the 3D networks in compounds 1 and 2 were carried out using the program OLEX.
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X-ray Powder Diffraction (XPRD). X-ray powder diffraction data were collected at room temperature on a computer controlled STOE-STADIP focusing powder diffractometer equipped with a curved Ge(111) monochromator (λ ) 1.54051 Å). A STOE linear position sensitive detector was used. The powders of samples 1 or 2 were inserted in glass capillaries of 0.5 mm diameter. The compounds were measured in the range of 4°e 2θ e 80°using a step width of 0.1°.
Variable Temperature Synchrotron Powder X-ray Diffraction. Variable temperature synchrotron powder diffraction measurements were carried at the Swiss Norwegian Beamlines (BM01-A) using a MAR345 Image Plate detector, λ ) 0.724312 Å, capillary to image plate distance 400 mm, exposure times 60 s, 20°oscillations about φ, 2θ limits 0-24°.
Results and Discussion
Description of the Structures. Structures 1 and 2 can be described as three-dimensional frameworks, in which alternating 2 6 ] · 6H 2 O} ∞ (1). The molecular structure of the asymmetric unit of 1 is shown in Figure 1 . 
trans-[Cu-(trans-(1R,2R-chxn)
, where n is the number of reflections, and p is the number of the refined parameters. The ruthenium ions are linked to four copper(II) ions by four cyanide bridges, while each copper ion is linked to two equivalent ruthenium(II) ions. The solvent-accessible voids in the framework, in the absence of the water molecules, is estimated to be ca. 25.7% of the volume of the unit cell. 63 The water molecules in the channels form chains as shown in Figure  2 (see also Figure S1 in the Supporting Information).
The two nonequivalent copper(II) ions (Cu1 and Cu2) exhibit octahedral CuN6 coordination geometry, involving four nitrogen atoms of the trans-(1R,2R-chxn) ligands (N4, N5, N6, N7 for Cu1 and N11,N12, N3, N14 for Cu2) and two nitrogen atoms of the cyano groups (N3, N8 for Cu1 and N2, N9 for Cu2). The average value of the Cu-NtC angles is 110.01(7)°. The axial Cu-N bonds are long, varying between 2.482(9) and 2.614(8) Å, while the average equatorial Cu-N bond distance is 2.014(10) Å. This shows that both copper(II) atoms have a pseudo-Jahn-Teller distortion, 67 as shown in 4-centers have the same coordination mode. If the Cu-N distances are limited to 2.5 Å, the resulting structure is represented by a onedimensional polymer chain running along the a + c crystallographic direction (Figure 4) .
Considering longer Cu-N distances (up to 2.7 Å), the topological framework of 1 transforms into a three-dimensional, 6 6 , 71,72 diamondoid framework, (vertex symbol: 73 6 2 6 2 6 2 6 2 6 2 6 2 ), see Figure 5 . The framework is constructed by two ruthenium nodes, which have the same connectivity, and any two [Ru (CN Figure 6 ). The structure is composed of six independent ruthenium atoms, twelve independent copper(II) atoms and 26 water molecules of crystallization. Five of the copper(II) atoms (Cu3, Cu5, Cu6, Cu8, Cu12) can be considered to be pentacoordinate, while the other seven (Cu1, Cu2, Cu4, Cu7, Cu9, Cu10, Cu11) are hexacoordinated ( Table 2 ). The Cu-N bond distances in the basal or equatorial planes vary from 1.99 (1) 10 ] · ClO 4 } n (where en ) 1,2-ethylendiamine). 74 The existence of extremely long Cu-N bonds has been attributed to the coexistence of pseudoJahn-Teller elongation and electrostatic interactions. 75 Here the Jahn-Teller distortion indices, T, vary from 0.718 to 0.878 ( Table 2 Cu-NtC angles vary from 94.2(9) to 120.2(9)°( 47 The nonlinearity in the M′-OtC-fragment has been explained on the basis of two valence bond structures, 77 and since Cu-NtC-is an isoelectronic system, a similar explanation can be applied here, as a first approximation ( Figure  S3 in the Supporting Information).
The solvent-accessible voids in the framework of compound 2, in the absence of the water molecules, is estimated to be ca. 11.4% of the volume of the unit cell. 63 The water molecules in the voids form clusters, as shown in Figure 7 (see also Figure  S4 in the Supporting Information).
Topological Analysis of Compound 2. The connectivity analysis of 2, considering covalent bonds, shows that there are three coordination modes among the six [Ru(CN) 6 ] 4-entities. The Ru1 entity is not attached to anything, the Ru2 entity is attached to three Cu entities and the rest is attached to two Cu entities. This difference in the coordination modes can be explained by the competition between the coordination and the hydrogen bonding to the NC-Ru units, as well as by the steric effect caused by the bulky Cu entities.
The topological framework of 2, constructed exploiting the Cu-N contacts up to 2.7 Å, represents 1D zigzag chains running along the crystallographic a direction, as shown in Figure 4 for compound 1.
These chains interact through the weaker Cu-N(cyano) interactions, at first forming two-dimensional 6 3 honeycomb layers constructed from Ru2 and Ru3 nodes (interactions up to 2.87 Å), and then, with interactions up to 2.91 Å, a more complex three-dimensional framework with two three-connected (Ru3, Ru5, vertex symbol 8 4 8 4 8 4 ) and one four-connected (Ru2, vertex symbol 8 2 8 2 8 2 8 3 8 3 8 3 ) network nodes ( Figure 9) . Atoms Ru3 and Ru2 form zigzag chains as shown in Figure  8 . Ru5 and Ru3 are connected through a single Cu7-entity link; the two similar links between Ru2 and Ru5 are supported by Cu11, Ru6 and Cu10 or Cu1, Ru1 and Cu3 entities (Figure 10) .
Consideration of the Cu-N interactions in the range up to 3.60 Å leads to a complex three-dimensional framework with six ruthenium and two nitrogen nodes (N2 and N11, which are connected and each binds to two Cu entities). Reconstruction of this network, considering only the [Ru(CN) 6 ] 4-units and replacing the Cu 2 N-NCu 2 entities by a link, produces a 6 6 diamondoid framework, in which all the ruthenium nodes have equivalent connectivity (Figure 11) .
Thus, on considering longer Cu-N interactions it can be seen that compounds 1 and 2 have the same topological network and are closely related. The difference in the crystal structures appears to be due to the manner in which the guest water molecules order in the host frameworks.
IR and CD Spectroscopies. The IR spectra shows two sharp ν CN bands at 2053 and 2083 cm -1 for 1 and 2037 and 2104 cm -1 for 2, indicating the existence of two types of cyanide groups in the crystal lattice. The lower frequency band corresponds to that of K 4 [Ru(CN) 6 ] · 1H 2 O and can be ascribed to a nonbridging cyanide group. The higher frequency band is attributed to the bridging cyanide group. 51, 79 Circular dichroism measurements ( Figure 12 ) were used to establish the enantiomeric character of the coordination polymers (solid state, using KBr discs) and [Cu(trans-(1R,2R)-chxn) 2 (H 2 O) 2 ](NO 3 ) 2 (in solution) . The enantiopure bis-chelated precursor shows a positive Cotton effect at λ ) 513 nm, and compound 1 exhibits a positive Cotton effect at λ ) 560 nm. In addition, the similar signs of the Cotton effect for 1 and 2 in the same wavenumber region are attributed to the two chiral coordination polymers having as expected the same absolute configuration.
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Powder and Synchrotron X-ray Diffraction. The water molecules in complexes 1 and 2 can be removed by heating at 100°C, or simply under vacuum, and exchanged for other organic solvents (for example, methanol or acetonitrile). Compounds 1 and 2 show very similar thermal behavior, as shown by TG analysis ( Figure S5 in the Supporting Information). Between 20 and 140°C weight losses of 11.43% for 1 and 8.03% for 2 are observed. This corresponds to the loss of 6 water molecules (expected 11.38%) for 1 and 24 water molecules for 2 (expected 7.89%). On loss of solvent molecules the violet crystalline samples of 1 and 2 transform into deep bluish-purple microcrystalline powders, 1a and 2a, respectively. We believe that dehydration of compounds 1 and 2 does not induce a loss of framework structure, as the powder X-ray diffractograms (PXRD) are almost identical to those of 1 and 2 ( Figure S6 in the Supporting Information). Compounds 1a and 2a are stable in a dry environment, however, once in contact with moisture, their color rapidly reverts to violet. Soaking 1a (the guest-free phase of 1) in water for one day regenerated the guest-filled phase, i.e. compound 1. The PXRD pattern of this product is identical to that of the as-synthesized complex 1 ( Figure S6 in the Supporting Information). This reversible cycle can be repeated many times without loss of crystallinity. Although some dynamic nanoporous framework materials are known, those exhibiting reversible opensdense framework transformations in the crystalline state are still rare. 27 In the case of 2a when soaked in water the resulting PXRD shows dramatic changes as compared to the original pattern, that is, it does not revert to 2 but transforms into 1; the conversion from the triclinic P1 structure to the monoclinic C2 structure having taken place ( Figure S6 in the Supporting Information). Further studies using in situ synchrotron radiation PXRD enabled us to follow the behavior of these transformations on heating or on addition of moisture via a stream of N 2 saturated with water vapor. While heating the capillary filled with complex 1 to 80°C, the transformation of 1 to 2a was observed ( Figure 13 ). On continued heating to 120°C complex 1a was obtained. Hence, it was observed that the formation of 2a is an intermediate step to obtain 1a ( Figure 13 ). On addition of moisture, via a stream of N 2 saturated with water vapor, it was observed that 1a does not revert to 1 immediately but first complex 2 is formed, which then transforms to 1 on continued wetting of the sample.
The heating of complex 2 to 80°C shows almost the same powder pattern, which indicates that the framework is not destroyed and complex 2a is formed. With continued heating to 120°C the final pattern corresponds to that of complex 1a.
When passing a stream of N 2 saturated with water vapor through an original sample of 2a (obtained from 2 by thermogravimetrical analysis), an almost instantaneous transformation into 1 was observed ( Figure S7 in the Supporting Information). Because the solvent-exchange processes are carried out in the presence of water vapor (not a condensed liquid), we believe that no dissolution of the framework materials occurs.
The transformations are driven by loss/addition of the water molecules, and the process can be repeated a number of times without loss of crystallinity. The two types of networks reported here show different behavior upon drying, falling within the category of "guest-induced re-formation" frameworks. These reversible transformation processes involving complexes 1 and 2 are summarized in Figure 14 .
It is interesting to note that, by grinding a sample of 2a obtained after TG analysis, it became amorphous ( Figure 15 ). However, when passing a stream of N 2 saturated with water vapor through a capillary filled with this material, the crystalline structure of complex 1 was regenerated ( Figure 15 ). This transformation associated with water is characterized by a process of "crystal-to-crystal through an amorphous phase".
Conclusions
In summary, we have successfully constructed two new threedimensional chiral bimetallic cyano-bridged diamondoid frameworks, and demonstrated remarkable structural changes associated with the reversible transformations triggered by dehydration/ rehydration. The removal of the included solvent molecules from these framework materials leads to chiral solids which have permanent porosity and framework integrity. These results show that the synthetic strategy based on cyanide-bridged bimetallic assemblies is advantageous for the formation of flexible nanoporous materials. They show guest-induced structural conversion, that falls within the category of "recoverable collapsing" and "guest-induced re-formation" framework materials. Figure 15 . PXRD patterns: blue, a fresh sample of complex 2 at room temperature; green, 2a, was obtained after the heating 2 at 80°C; pink, amorphous 2a was obtained by grinding a sample of 2a; red, initial diffractogram obtained after passing a stream of nitrogen gas saturated with water vapor through amorphous 2a; violet, the crystallinity of this last sample improved with time to finally resemble the diffractogram for complex 1.
